Abstract: Due to their unique structural features including well-defined interior voids, low density, low coefficients of thermal expansion, large surface area and surface permeability, hollow micro/nanostructured transition metal sulfides with high conductivity have been investigated as new class of electrode materials for pseudocapacitor applications. Herein, we report a novel self-templating strategy to fabricate well-defined single and double-shell NiCo 2 S 4 hollow spheres, as a promising electrode material for pseudocapacitors. The surfaces of the NiCo 2 S 4 hollow spheres consist of self-assembled 2D mesoporous nanosheets. This unique morphology results in a high specific capacitance (1263 F g -1 at 2 A g -1 ), remarkable rate performance (75.3% retention of initial capacitance from 2 A g -1 to 60 A g -1 ) and exceptional reversibility with a cycling efficiency of 93.8% and 87% after 10,000 and 20,000 cycles, respectively, at a high current density of 10 A g -1 . The cycling stability of our ternary chalcogenides is comparable to carbonaceous electrode materials, but with much higher specific capacitance (higher than any previously reported ternary chalcogenide), suggesting that these unique chalcogenide structures have potential application in next-generation commercial pseudocapacitors.
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Introduction
The fact that fossil fuels will ultimately be depleted has increased efforts aimed at using renewable energy sources in our daily life. Yet, the intermittency and unstable nature of some renewable energy sources such as solar and wind energy has driven the demand for energy storage devices. [1] [2] [3] [4] Batteries, which are expected to feature prominently in any renewable energy system, suffer from low power density and short cycling stability, 1, 5, 6 which can limit their utilization. In this case, supercapacitors, which offer a much longer life cycle, higher power density and safer operation than batteries, can be used to compliment batteries, where high power is needed. Supercapacitors can be generally classified into two types, depending on the underlying energy storage mechanism. One type is the electrical double-layer capacitors (EDLCs) which store electrical energy by charge accumulation at the electrode/electrolyte interface. The other type is pseudocapacitors which are based on the fast and reversible redox reactions at the surface of electro-active materials, thus offering much higher specific capacitance and energy density than EDLCs. 1, [7] [8] [9] Previously developed pseudocapacitors have been based on transition metal oxides, hydroxides and conducting polymers which invariably suffer from either low conductivity or poor electrochemical stability, largely limiting their applications. [10] [11] [12] [13] [14] Therefore, it is imperative to create alternative pseudocapacitive materials with low cost, desirable electrical conductivity, highly porous structure, high specific surface area, desirable ionic permeability, large capacitance and good electrochemical stability. 15, 16 Due to their unique structural features including well-defined interior voids, low density, low coefficients of thermal expansion, large surface area and surface permeability, hollow micro/nanostructured binary transition metal sulfides such as nickel sulfide and cobalt sulfide 3 have been widely investigated as a new class of pseudocapacitive electrode materials. [17] [18] [19] [20] [21] [22] Unfortunately, the previous reports showed either relatively low specific capacitance or poor rate capability, as well as quite limited enhancement of cycle life. In addition, the post-removal of templates in the template-based methods always required an additional time-consuming step to remove the template.
Very recently, it has been reported that mixed transition-metal-sulfides particularly nickel cobalt sulfides (NiCo 2 S 4 ) showed excellent properties when used as pseudocapacitive material.
These results are due to the intrinsic stability, higher electrical conductivity (~100 times as high as that of NiCo 2 O 4 and much higher than those of the binary sulfides), and richer redox reactions than the corresponding single component sulphides, in much the same way as NiCo 2 O 4 to the corresponding single component oxides. [23] [24] [25] [26] In addition, it has been well demonstrated that an outer protection layer is important to stabilize the nanostructured ultrathin hollow spheres. [27] [28] [29] In this sense, double-shell hollow structures of NiCo 2 O 4 with protection outer layer, large surface area, highly porous structure and desirable ionic permeability may be an excellent potential pseudocapacitive material. To date, while binary transition-metal-sulfides have been well established, it remains a challenge to fabricate well-defined hollow structures of ternary transition-metal-sulfides such as NiCo 2 S 4 .
In this paper, we report a self-templating strategy to controllably fabricate well-defined vacuum at 60 ℃. After drying, the as-prepared powder was annealed under N 2 atmosphere at 300 degree for 0.5 h prior to x-ray diffraction measurement to determine the crystal phase.
2.4 Synthesis of NiCo 2 S 4 double-shell hollow spheres. The core-shell NCS@SiO 2 structure were prepared through a versatile Stober sol-gel methods as follow. 30 ,31 60 mg of NCS HS was redispersed into 280 mL of ethanol, followed by the addition of 70 mL of DI water and 5 mL of ammonia (30-33%). Afterwards, 4 mL of TEOS was added by dropwise in 10 min, and the reaction was kept at room temperature for 12 h under mildly stirring to obtain the NCS@SiO 2 core-shell products. Next, 0.1 g of the resultant core-shell structure was added into 40 mL of DI water which contained 0.3 g Na 2 S. After thoroughly mixed, this solution was kept at 160 ℃ for 12 h in the autoclave. After centrifugation and wash, the resultant was annealed under N 2 atmosphere at 300 degree for 0.5 h prior to x-ray diffraction measurement to determine the crystal phase.
2.5 Materials characterization. The morphology and microstructure were investigated by SEM (Nova Nano 630, FEI) and TEM (Titan 80-300 kV (ST) TEM, FEI), and the elemental presence and composition were identified using energy-dispersive X-ray spectroscopy (EDS) and XPS analysis (Kratos AXIS Ultra DLD). The XRD measurement was conducted on a powder X-ray diffraction system (XRD, Bruker, D8 ADVANCE) equipped with Cu Kα radiation (λ = 0.15406 nm). BET surface area of the samples were determined using surface area and porosimetry system "Micromeritics" (ASAP 2420) at 77 K. Before measurements, the samples were dried at 70 °C for 10 h in a Vacuum oven and then degassed at 200 °C for 6 h until the vacuum was less than 2 µm Hg.
2.6 Electrochemical measurements. The electrochemical tests were carried out at room temperature in three-electrode (half-cell) configurations with NiCo 2 S 4 as a working electrode, a Pt wire as the counter electrode, and saturated calomel electrode (SCE) as the reference electrode.
The working electrodes with a mass loading of ~1 mg cm -2 were prepared by coating the active NiCo 2 S 4 , acetylene black and polyvinylidene fluride (PVDF) in a weight ratio of 7 : 2 : 1 on the carbon cloth. 1 M KOH was used as electrolyte for all measurements.
The specific capacitance was then calculated from the galvanostatic charge-discharge (CD) curves as:
Where m is the total mass loading of the electrode, I is the constant current for charge-discharge and ௧ is slope of the discharge curve. 
Results and discussion
As schematically illustrated in Figure 1A , the synthesis strategy of NiCo 2 S 4 hollow spheres can be generally described as hydrolysis-sulfidation process. First, as-prepared 350 nm silica spheres were used as a template and raw material to prepare nickel cobalt silicate hydroxide precursor through a facile hydrolysis process at 105 ℃ (see Methods section for details). As shown in Supplementary Figure S1 , the color of starting materials changes from light gray to pink after the hydrolysis process, demonstrating the formation of nickel cobalt hydrosilicate, which originates from the co-precipitation of Ni 2+ and Co 2+ cations on the surface of monodispersed silica nanospheres in an alkaline solution. 33 In order to investigate the phase and structure at various stages of the reaction, X-ray diffraction (XRD) patterns were recorded.
The typical XRD pattern of the precursor (Supplementary Figure S2) showed one broad diffraction peak around 23°, which can be assigned to the amorphous silica phase. In addition, the two peaks around 34° and 60° could be assigned to the (200) and (600) planes of crystalline 4 phase, although the exact crystal structure remains unsolved. 34 The asprepared precursor retains the original morphology of the silica template with a diameter of 300 nm, as clearly shown in Figure 1B and Supplementary Figure S3 . The corresponding high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image and elemental analysis also reveal the core-shell structure and the successful formation of Ni-Co hydrosilicate of our (Ni,Co) 3 Si 2 O 5 (OH) 4 @SiO 2 precursor (Supplementary Figure S4) . The obvious empty gap between the inner silica core and the outer Ni-Co hydrosilicate shell shows that the silica not only serves as a template, but also gets involved in the hydrolysis reaction.
Next, the well-defined NiCo 2 S 4 hollow spheres (HS) were derived from the precursor via a facile in-situ sulfidation process using Na 2 S as sulfur source. During the chemical transformation process, the silica cores are etched simultaneously by NaOH, which is released from the hydrolysis of Na 2 S, eliminating the need for an additional etching step to remove the silica template. The crystal phase and structure of the product after sulfidation were investigated by XRD. All diffraction peaks (Supplementary Figure S2) can be assigned to thiospinel NiCo 2 S 4 without any noticeable second phases. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 nanosheets, with a thickness around 20 nm, can be discerned. The lattice fringes with different orientations shown in Figure 1F suggest that the as-obtained NiCo 2 S 4 HS is polycrystalline in nature, which is confirmed by the corresponding selected-area electron-diffraction (SAED) pattern in Figure 1G .
Energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS)
were carried out to provide further insight into the hollow interior as well as the chemical composition and oxidation states of the as-prepared NiCo 2 S 4 HS. Figure 1E shows the EDS- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 measurements. Figure 3C presents the specific capacitance for all studied samples. It is clear that 300nm-NCS HS has higher specific capacitance (997 F g -1 at 2 A g -1 ) than the other samples (901, 929 and 745 F g -1 for 700nm-NCS, 450nm-NCS and 100nm-NCS at 2 A g -1 , respectively). Figure 3D clearly shows that the pseudocapacitive performance of our NiCo 2 S 4 hollow spheres is strongly correlated to the diameter size, especially for the cycling stability performance ( Figure   3E ); similar phenomena of size-dependent electrochemical performance was also observed in battery materials such as SnO 2 hollow spheres. 35 The sphere size effect on the NiCo 2 S 4 performance can be explained by the following factors. First, the BET surface area of the four studied hollow sphere sizes initially increases from 700nm-NCS to 300nm-NCS and then decrease dramatically from 300nm-NCS to 100nm-NCS, a fact that has been revealed by the BET measurement (Supplementary Figure S8) . The larger surface area can offer a higher concentration of electrochemically active sites, larger interfacial area between the electroactive materials and the electrolyte ions, and shorter diffusion paths for fast ionic diffusion, all of which can promote the electrochemical performance. 40 Second, it is well known that the spherical shell geometry is capable of withstanding extreme stresses, and the maximum tensile stress in a hollow Si sphere is ~5 times lower than that of a solid Si sphere of equal volume, during electrochemical reaction. 35, 41, 42 Therefore, the larger size NiCo 2 S 4 HS is more fragile during the long-term cycling measurement. Hence, the smaller sized silica template results in better NiCo 2 S 4 HS integrity which can endure the large volume change without pulverization. 35 Third, as mentioned above, the silica in this case is used as a starting material and plays the role of a self-dissolving template. The empty gap between shells shown in Figure 1B successfully demonstrates the partial dissolution of silica template as it participates in the hydrolysis reaction.
As illustrated in Figure 3F , and Supplementary Figure S9 , the 700, 450 and 300 nm silica spheres are large enough to act as template, resulting in a uniform morphology and well-defined NiCo 2 S 4 HS. Yet, the data appears to show that the 100 nm silica template might be too small to support the formation of an outer shell. Thus, the morphology of final product prepared by templating with 100 nm silica ( Figure 3F and Supplementary Figure S10 ) is a mixture of random quasi-hollow spheres and nanosheets with the lowest BET surface area among all samples. These factors result in the worst electrochemical performance and worst capacitance retention for the 100nm-NCS. This particular morphology is full of defects and cracks, which can more easily lead to pulverization of the NiCo 2 S 4 electrode into small fragments. Thus, we can conclude that there is a critical sphere size for obtaining good electrochemical performance for our NiCo 2 S 4 HS electrodes. The optimized 300nm-NCS HS electrode exhibits a high specific capacitance of 997 F g -1 at 2 A g -1 , good rate performance and impressive long cycle life at high current density of 10 A g -1 (retention 90.3% and 82% after 10,000 and 20,000 cycles, respectively). This result is one of the most stable pseudocapacitive materials among the reported materials in the literature.
As we have demonstrated in the previous section, the NiCo 2 S 4 hollow sphere electrodes made using 300 nm silica sacrificial template display optimal electrochemical performance.
Notwithstanding the remarkable performance, the cycle life of 300nm-NCS HS need to be competitive with commercial carbonaceous material electrodes. Recognizing, that an outer protection layer can be used to stabilize hollow electrode structures, we decided to study the effect of placing a second chalcogenide shell around the first one. Hence, a second highly conductive NiCo 2 S 4 protection shell was directly coated on the first 300nm-NCS hollow sphere, resulting in a NiCo 2 S 4 double shell structure. As illustrated in Figure 4A , a TEOS (tetraethyl orthosilicate)-driven silica was used to deposit a uniform and conformally deposited layer on the surface of 300nm-NCS hollow spheres via a versatile Stober sol-gel method. 27, 31 Afterwards, the respectively. Figure 5A -B shows the CV and CD profiles of NCS double-shell hollow spheres under different scan rate and current density. They manifest similar redox peaks and distinct voltage plateaus as the single-shell NCS hollow spheres, suggesting the analogous pseudocapacitive behavior. The CD profiles show highly symmetric feature of the chargedischarge process, implying the high efficiency of NiCo 2 S 4 electrode, excellent reversibility of redox reactions and their superior rate capability as well. The anodic peaks shift to higher potential while the cathodic peaks shift to lower potential with increased scan rate due to the fast charge and discharge rates. 25 This yields wider potential difference between anodic and cathodic peaks, resulting in a capacitance decrease. Supplemental Figure S14 demonstrates the linear relationship of anodic and cathodic peaks presented in Figure 5A versus the square root of scan rate, indicating the dominance of diffusion-controlled electrode reactions, which is one of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 characteristics of pseudocapacitive materials. [43] [44] [45] Figure 5C shows CV curves of single and double-shell NCS hollow spheres measured at the same scan rate of 20 mV s -1 . It can be clearly seen that the integrated area under the CV curve is higher for the double-shell NCS hollow spheres, meaning better electrochemical performance. Furthermore, the longer discharge period observed in Figure 5D of NCS double-shell hollow sphere confirms their better performance, a fact that is consistent with the results observed in the CV measurements. Figure 5E -F summarizes the detailed pseudocapacitive performance for the three products with different morphology. It is evident that the double-shell NCS hollow spheres show the highest specific capacitance of 1263 F g -1 at 2 A g -1 , remarkable rate capability (75.3% retention of initial capacitance from 2 A g -1 to 60 A g -1 ), as well as superior cycling stability (93.8% and 87%
capacitance retention after 10,000 and 20,000 cycles at a high current density of 10A g -1 , respectively). These results are superior to those of the single-shell NCS hollow sphere and the NCS nanosheet. Based on the above impressive performance, especially the super-long cycle life which is comparable to that of carbonaceous materials, we can conclude that the NiCo 2 S 4 with this unique structure is a promising materials for next-generation pseudocapacitors.
To sum up, the NCS double-shell hollow spheres exhibit the best performance among the different NiCo 2 S 4 morphologies studied in this work. Our performance is superior to that of all reported ternary nickel cobalt sulfides based materials (literature reports were summarized in Supplementary Table S1) . 24, 34, 38, 40, [46] [47] [48] [49] [50] This phenomenon may be attributed to the unique double shell structure which offers many desirable features. First of all, the highly porous double shells surfaces are covered with self-assembled nanosheets which are full of mesopores (with size distribution centered around 3-5 nm, Supplemental Figure S7B ). These can provide significant number of electroactive sites and shorter diffusion paths for charge transports, facilitating the redox reactions compared to their bulk or solid counterparts. 20 Besides, the nanometer-sized sheets are able to reduce diffusion time of the electrolyte ions, and can accommodate the strain during the OH -insertion and extraction during electrochemical cycling. 51 Further, the sacrificialtemplate growth process that we have developed results in robust adhesion between the inner and outer shells, leading to better stability during cycling. In addition, the NCS double shell structure offers an impressively high surface area, suggesting the possibility of the exposure of numerous active sites available for reaction on the electrode surface. 40 Moreover, the higher meso/macropore volume of double-shell NCS can boost the electrolyte ions trapping and access to the active sites. In addition, the vertically coated curved nanosheet arrays of the NCS double-shells can increase the contact area between neighboring double-shells (Supplementary Figure S15) and provide a superb pathway for fast electron transportation through the electrodes. 25, 52 Thus, we observed a higher electrical conductivity of NCS double-shells (720 µΩ cm) over its single shell counterparts (1600 µΩ cm). What's more, the void space in the hollow structure can better accommodate any volume change during cycling 53 and the thicker shell of the double-shell structure (150 nm vs. 20 nm for single shell 300nm-NCS) with high conductivity can more efficiently endure the extremely long cycling measurements, leading to better cycling performance as shown in Figure 5d (89% capacitance retention of NCS double-shells vs. 82%
retention of 300nm-NCS single shell after 20,000 cycles). In contrast, the much poorer mechanical integratity of monodispersed or aggregated NCS nanosheets makes them pulverize more easily during electrochemical cycling, presenting unsatisfactory cycling stability (only 34% capacitance retention after 20,000 cycles). These results demonstrate that such the spherical double shell construction of NiCo 2 S 4 produces a pseudocapacitive material with superb performance. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
